DNA double-strand breaks (DSBs) can be repaired via two main mechanisms: non-homologous end joining (NHEJ) and homologous recombination (HR). Our previous work showed that exposure to abiotic stresses resulted in an increase in point mutation frequency (PMF) and homologous recombination frequency (HRF), and these changes were heritable. We hypothesized that mutants impaired in DSB recognition and repair would also be deficient in somatic and transgenerational changes in PMF and HRF. To test this hypothesis, we analyzed the genome stability of the Arabidopsis thaliana mutants deficient in ATM (communication between DNA strand break recognition and the repair machinery), KU80 (deficient in NHEJ) and RAD51B (deficient in HR repair) genes. We found that all three mutants exhibited higher levels of DSBs. Plants impaired in ATM had a lower spontaneous PMF and HRF, whereas ku80 plants had higher frequencies. Plants impaired in RAD51B had a lower HRF. HRF in wild-type, atm and rad51b plants increased in response to several abiotic stressors, whereas it did not increase in ku80 plants. The progeny of stressed wild-type and ku80 plants exhibited an increase in HRF in response to all stresses, and the increase was higher in ku80 plants. The progeny of atm plants showed an increase in HRF only when the parental generation was exposed to cold or flood, whereas the progeny of rad51b plants completely lacked a transgenerational increase in HRF. Our experiments showed that mutants impaired in the recognition and repair of DSBs exhibited changes in the efficiency of DNA repair as reflected by changes in strand breaks, point mutation and HRF. They also showed that the HR RAD51B protein and the protein ATM that recognized damaged DNA might play an important role in transgenerational changes in HRF.
Introduction
Double-strand breaks (DSBs) are DNA lesions that interrupt sugar-phosphate backbones of DNA strands. One of two important proteins that sense and signal DNA damage in eukaryotes is ataxia telangiectasia mutated (ATM) (Abraham 2001) . However, studies in yeast and human cells indicate that DSB ends are not sensed by ATM but rather are directly recognized by the MRN protein complex (MRE11, RAD50, NBS1) which, after binding to DNA, unwinds the strands and recruits ATM via NBS1 (Ricaud et al. 2007 ). The activated ATM kinase triggers a checkpoint response and phosphorylates a large number of substrates, including proteins involved in DNA repair (such as BRCA1, MRE11 and NBS1), CHK2 involved in cell cycle arrest and p53 involved in the apoptotic response (FernandezCapetillo et al. 2002 , van den Bosch et al. 2003 . In mammals, ATM mutation affects growth and development and leads to impairment of meiosis; atm cells are also sensitive to ionizing radiation (Shiloh 2003) . ATM mutations in Arabidopsis thaliana result in meiotic defects, hypersensitivity to DSB-inducing agents and the lack of radiation-induced activation of RAD51 proteins and poly(ADP-ribose)-polymerase1 (PARP1) (Garcia et al. 2003) . atm plants are phenotypically normal under noninduced conditions, but they have a lower fertility.
In eukaryotes, DSBs are repaired through two major mechanisms: non-homologous end joining (NHEJ) and homologous recombination (HR). NHEJ repair requires the action of KU70-KU80 dimers to bind to broken strands; in animals, DNA-dependent PKcs (protein kinase catalytic subunits) stabilize binding and provide nuclease activity (Lieber 2010) . In contrast, HR repair is initiated by the MRN complex which is followed by replication protein A (RPA)-and RAD51-dependent strand annealing. The process also requires RAD54, a motor protein that translocates along double-stranded DNA (dsDNA) and promotes chromatin remodeling and protein displacement from dsDNA. In yeast, Rad54 interacts physically and functionally with the Rad51 protein and strongly stimulates DNA strand exchange activity of Rad51 (Mazin et al. 2010) . In Arabidopsis, RAD54 also appears to play an essential role in HR repair, and it also interacts with RAD51 in vitro (Osakabe et al. 2006) .
There are several existing Arabidopsis mutants in both pathways which have been studied to various extents. The analysis of mutants showed that atku80 plants were hypersensitive to the DNA-damaging agent methyl methanesulfonate (MMS) and had a reduced capacity to carry out NHEJ recombination (Gallego et al. 2003) . Furthermore, the analysis of intrachromosomal HR frequency (HRF) in ku80 showed that it was similar to that in wild-type plants (Gallego et al. 2003) . On the other hand, five RAD51 paralog genes are encoded in the Arabidopsis genome, AtRAD51B, AtRAD51C, AtRAD51D, AtXRCC2 and AtXRCC3. The atrad51b mutant is fertile, and therefore it undergoes normal meiosis and normal vegetative growth under standard growth conditions . Mutations in the AtRAD51B gene result in a moderate sensitivity to g-rays and a hypersensitivity to the cisplatin phenotype . The analysis of the atrad51C mutant showed that RAD51C is essential for meiotic recombination and fertility . Similarly, AtXRCC3 is also required for meiosis (Bleuyard and White 2004) . The Atrad51C mutant plants have an increased sensitivity to g-irradiation and the cross-linking reagent cisplatin, and lower HRF levels compared with wild-type plants . Rad51C knock out also results in reduced frequencies of somatic recombination in DT40 and CL-V4B animal cells (Takata et al. 2001 , Drexler et al. 2004 . Arabidopsis plants impaired in AtRAD51D were shown to be sensitive to DNA-damaging agents and to have lower HRFs (Durrant et al. 2007 ). These mutant plants were also sensitive to pathogen infection, and a link between NPR1-mediated pathogen responses and RAD51D-dependent recombination responses was demonstrated in the past (Durrant et al. 2007 , Song et al. 2011 . Mutations in the RAD54 gene resulted in an increased sensitivity to g-irradiation and cisplatin (Osakabe et al. 2006 ). The efficiency of somatic HR in atrad54 plants was reduced compared with wild-type plants (Osakabe et al. 2006) .
Various studies demonstrated that stress leads to an increase in somatic and meiotic HRF (Ries et al. 2000 , Kovalchuk et al. 2003 , Molinier et al. 2006 , Osakabe et al. 2006 , Pecinka et al. 2009 , Boyko et al. 2010 . Our previous work showed that local exposure to stress causes a systemic increase in somatic and meiotic HRF, and the progeny of stressed plants exhibit a similar pattern of elevated HRF (Filkowski et al. 2004 , Boyko et al. 2010 , Kathiria et al. 2010 . We attempted to analyze whether mutants deficient in DSB repair would also be impaired in a stress-induced increase in HRF in both somatic tissues and progeny. To test this hypothesis, we crossed atm, ku80 and rad51b mutants to a plant line carrying a transgenic substrate used for the analysis of HRF. We found that mutants and wild-type plants had different point mutations and different HRFs under non-induced and stress-induced conditions. ku80 plants were largely impaired in the induction of HRF by stress, whereas rad51b plants had a higher increase in HRF compared with wild-type plants. Finally, rad51b plants were impaired in a transgenerational increase in HRF.
Results
DNA strand break levels in Arabidopsis plants deficient in ATM, KU80 and RAD51B
Since the mutants used for this study are deficient in the recognition of DNA damage (atm), NHEJ repair (ku80) and HR repair (rad51b), we hypothesized that Arabidopsis mutants accumulated higher levels of DNA strand breaks compared with wild-type plants. To test this, we analyzed the levels of DNA strand breaks using two different assays: the randomprimed oligonucleotide synthesis (ROPS assay) for the detection of single-stand breaks (SSBs) and DSBs, and a neutral Comet assay for the detection of DSBs only.
The results of the ROPS assay showed that ku80 plants had significantly higher (P < 0.05) levels of strand breaks, whereas atm and rad51b plants exhibited a tendency to such an increase (Fig. 1A) . The results of the Comet assay showed that all mutants had significantly higher (P < 0.05) levels of DSBs (Fig. 1B) .
Analysis of point mutation frequency in plants deficient in ATM or KU80 genes Since atm and ku80 mutants had higher levels of DNA strand breaks compared with wild-type plants, we hypothesized that these plants might also have other types of DNA damage that potentially could lead to changes in the point mutation frequency (PMF) . To analyze the PMF, atm and ku80 plants were crossed with Arabidopsis plants (line #166-14) carrying a b-glucuronidase (GUS) reporter construct for the analysis of T/A!G/C reversions. In plants homozygous for the GUS reporter construct and for atm or ku80 mutations, the analysis of PMF showed that atm plants had a significantly lower spontaneous PMF (P < 0.05), whereas there was no difference in PMF between ku80 plants and wild-type plants (P > 0.1) ( Fig. 2A) . Exposure to NaCl resulted in an increase in PMF in wild-type and ku80 plants but not in atm plants. The increase in PMF in ku80 plants was significantly higher than in wild-type plants (P < 0.05). Similarly, exposure to UVC resulted in an increase in PMF in wild-type and ku80 plants, but not in atm plants.
Spontaneous HRF is higher in the ku80 mutant and lower in the rad51b mutant Next, we analyzed HRF. Mutant plants were crossed with Arabidopsis plants (line #15d8) carrying a HR substrate in its genome. The analysis showed that spontaneous HRF was higher in the ku80 mutant and lower in the rad51b mutant ( Fig. 2B ; Supplementary Table S1 ).
Changes in HRF in mutants in response to temperature, water, UVC, X-rays and bleomycin stresses are different from those in wild-type plants
Since mutant Arabidopsis plants have different spontaneous
HRFs compared with wild-type plants, and because previous studies showed that various stresses led to an increase in HRF, our next step was to test how Arabidopsis mutants respond to stress in terms of changes in HRF. Exposure to cold, drought and UVC caused an increase in HRF in wild-type plants ( Fig. 3A ; Supplementary Table S1 ). In atm mutants, exposure to cold and heat did not lead to an increase in HRF, and the response to UVC was significantly weaker than in wild-type plants (P < 0.05). In ku80 mutants, none of the stresses resulted in an increase in HRF; in fact, plants exposed to flood and UVC had a lower HRF compared with control plants, and the response to drought, flood and UVC was significantly weaker than in wild-type plants (P < 0.05 in all cases). In rad51b mutants, exposure to cold, heat, flood and UV resulted in an increase in HRF, and this increase was significantly higher than in wild-type plants (P < 0.05 in all cases); exposure to drought did not change the HRF in rad51b plants.
We next analyzed the effect of DNA strand break-generating agents, X-rays and bleomycin, on the HRF in the wild-type and mutant plants. The experiment showed that both X-rays and bleomycin significantly (P < 0.05) increased the HRF in wildtype, atm and rad51b plants, but not in ku80 plants ( Fig. 3B ; Supplementary Table S1 ). The increase in HRF in rad51b plants in response to both DNA-damaging agents was the highest.
The progeny of stressed rad51b plants exhibit no increase in HRF
The analysis of HRF in the progeny showed that all stresses led to a higher spontaneous HRF in wild-type plants (Fig. 3C) . The difference between the response of wild-type and mutant plants was significant in all cases (P < 0.05), except that between the progeny of wild-type and atm plants exposed to flood or bleomycin (P > 0.1). There was an increase in HRF in the progeny of atm plants exposed to cold and flood and a decrease in response to UVC. The progeny of stressed ku80 plants exhibited an increase in HRF in response to all stresses, and the increase was significantly higher (P < 0.05) than in wildtype plants after exposure to all stresses except cold. The progeny of rad51b plants exposed to cold, heat, drought, flood, X-rays or bleomycin did not show any increase in spontaneous HRF, whereas the progeny of plants exposed to UVC exhibited a decrease ( Fig. 3C; Supplementary Table S2 ).
Discussion
Mutants have higher levels of DNA strand breaks
We found that atm, ku80 and rad51b plants had higher levels of DNA strand breaks compared with wild-type plants. Since ATM, KU80 and RAD51B are all required for the repair of DNA strand breaks, DNA strand breaks should be accumulated in these mutants. Studies on different organisms showed that mutants of the aforementioned genes had higher levels of unrepaired DNA strand breaks, although direct measurements of DNA strand breaks were not performed (Cui et al. 1999 , Takata et al. 2001 , Godthelp et al. 2002 . Fig. 1 The levels of strand breaks in wild-type and mutant plants. (A) Single-strand breaks (SSBs) and double-strand breaks (DSBs) were measured in wild-type and mutant plants using the ROPS assay. The y-axis shows the level of strand breaks as the average amount of 3 H incorporation (d.p.m. mg -1 ) (from two independent experiments, each with two technical repeats, with the SD). The asterisks show a significant difference in HRF between ku80 mutant and wild-type plants (P < 0.05). (B) DSBs are reflected as the average tail moment of comets measured using the Comet assay (from two independent experiments, each with two technical repeats, with the SD). The asterisks show a significant difference in HRF between mutant and wild-type plants (*P < 0.05; **P < 0.01). (C) Representative images of comets and their tails from nonexposed wild-type and mutant plants. See the Materials and Methods for details.
Changes in PMF and HRF in mutants
Our analysis showed that atm plants had a lower PMF, and ku80 plants had a higher spontaneous HRF, whereas rad51b plants had a lower HRF compared with wild-type plants. No direct data exist for the analysis of point mutation and recombination frequency in atm plants. However, we found that atm plants were impaired in both spontaneous and induced PMF. In the Arabidopsis atm mutant, the radiation-induced level of DNA DSBs was much lower than that in wild-type plants, as reflected by the number of gH2AX foci (Friesner et al. 2005 ). Unfortunately, the spontaneous level of DSBs was not detectible by the gH2AX foci assay that the authors used.
The previous work by Gallego et al. (2003) showed that the HRF in ku80 plants was similar to that in wild-type plants. The most recent work by these authors demonstrated that ku80 plants accumulated higher levels of gH2AX loci than wild-type plants after radiation exposure (Charbonnel et al. 2010 , Charbonnel et al. 2011 ). Our work also showed an increase in spontaneous HRF in ku80 plants.
An increase in spontaneous HRF in ku80 plants suggests a slight shift towards more frequent utilization of the HR HRF was calculated in somatic tissues of 3-week-old plants exposed to 0.6 J m -2 UVC, flood, drought, cold and heat. The data are shown as the average fold increase in HRF compared with non-exposed control plants (from three independent experiments, with the SD). The asterisks show a significant difference in HRF between exposed and non-exposed plants as well as mutant and wild-type plants: *P < 0.05; **P < 0.01. (B) HRF was calculated in somatic tissues of 3-week-old plants exposed to 5 Gy of X-rays or 100 ng ml -1 bleomycin. The data are shown as the average fold increase in HRF compared with nonexposed control plants (from three independent experiments, with the SD). The asterisks show a significant difference in HRF between exposed and non-exposed plants as well as between mutant and wild-type plants: *P < 0.05; **P < 0.01. (C) HRF was calculated in the 3-week-old progeny of plants exposed to 0.6 J m -2 UVC, flood, drought, cold, heat, X-rays or bleomycin. The data are shown as the average fold increase in HRF compared with non-exposed control plants (from three independent experiments, with the SD). The asterisks show a significant difference in HRF between the progeny of exposed and non-exposed plants: *P < 0.05; **P < 0.01; ***P < 0.001. The PMF was measured in 3-week-old atm, ku80 and wild-type plants exposed to either salt or UVC stress. The data are shown as the average number of events per single plant (from three independent experiments, with the SD) calculated in the population of 300-400 plants per each experimental group. The asterisks show a significant difference between stressed and non-stressed plants as well as between mutant and wildtype plants: *P < 0.05; **P < 0.01; ***P < 0.001. (B) Events of homologous recombination were calculated for populations of approximately 75 wild-type or mutant plants grown under normal non-stressed conditions (see the Materials and Methods). The data are shown as the average (with the SD) fold difference between mutant and wild-type plants as measured from 3-4 independent experiments. The asterisks show a significant difference between mutant and wild-type plants: *P < 0.05; **P < 0.01.
repair pathway compared with that in wild-type plants. This is well documented in yeasts where ku80 cells show a dramatic increase in the HR repair frequency (Ninomiya et al. 2004 ). However, it was unexpected to find that exposure to stresses did not lead to an increase in HRF in ku80 plants.
Moreover, exposure to flood and UVC resulted in a decrease in HRF compared with non-exposed ku80 plants. It was recently suggested that several NHEJ pathways may function in the cell, including the canonical NHEJ pathway (C-NHEJ), the error-prone pathway of DNA end-joining (EJ), the so-called alternative NHEJ pathway (A-NHEJ), the microhomologymediated EJ (MMEJ) and the backup NHEJ (B-NHEJ) pathways (Charbonnel et al. 2011) . It can be hypothesized that in ku80 mutants, exposure to stress results in a shift towards a more frequent use of KU80-independent pathways such as A-NHEJ for the repair of induced breaks, which leads to a lower HRF. In ku80 plants, the PMF did not change. The analysis of PMF in mice that lack Ku80 showed that these animals actually had a lower PMF despite the increased level of strand breaks and persistence of gH2AX loci (Busuttil et al. 2008 ). Similar results have been reported earlier-a reduced frequency of mutations has been found in several tissues of Ku80-null mice (Rockwood et al. 2003) .
There are no published reports on HRF in rad51b plants, but the spontaneous somatic HRF in rad51c plants was shown to be approximately 2-fold lower than that in wild-type plants . The authors also showed that in rad51c plants, the induction of somatic HRF by cisplatin and g-rays was less efficient as compared with that in wild-type plants. In the other set of experiments, homologous chromosomes in rad51c plants failed to undergo synapsis and homolog juxtaposition, thus showing the impairment in meiotic HR (Li et al. 2005 ). Although we found that the spontaneous somatic HRF in rad51b plants was 1.4-fold lower than that in wild-type plants, mutant plants responded to stress with a greater increase in HRF compared with wild-type plants in response to all stresses except drought (Fig. 3A) . In yeasts, rad51 mutants also showed reduced recombination (Shinohara et al. 1992) . Likewise, five knockout mutants of RAD51 paralogs in chicken B-lymphocyte DT40 cell lines had a lower HRF (Takata et al. 2001) .
In rad51b plants, a higher increase in HRF in response to stress is an interesting observation, but it is not easy to explain. We can only hypothesize that under normal non-induced conditions, RAD51B is more important for HR than it is under induced conditions. Perhaps exposure to stress activates some alternative HR pathways that are less dependent on RAD51B.
Recombination line #15d8 used for the analysis of HRF carries in the genome one copy of a direct repeat of the luciferase recombination transgene. Similar to the GUS transgene in the GUS-based transgenic lines with direct recombination repeats, the functional luciferase transgene is restored via gene conversion/crossover or single-strand annealing recombination mechanisms . Thus, in ku80 plants, a higher spontaneous HRF can be due to the increased activity of either of these two recombination repair pathways. It is also possible that an increase in HRF is a mere reflection of increased levels of strand breaks. However, this cannot be the only reason because higher levels of strand breaks in atm and rad51b plants do not result in a higher HRF, suggesting that these plants are not able either to activate or to carry out HR as efficiently as wild-type plants.
rad51b plants are impaired in transgenerational changes in HRF
The analysis of spontaneous HRF in the progeny of stressed plants showed that it was increased in the wild type, but an increase in HRF was impaired in rad51b plants and to some extent in atm plants (Fig. 3C) . The progeny of rad51b plants exposed to cold, heat, drought and flood had the same HRF as the progeny of control rad51b plants, whereas the progeny of rad51b plants exposed to UVC exhibited a lower HRF. The progeny of atm plants were impaired in elevated HRF in response to drought, heat and UVC, but not in response to flood and cold. At the same time, in response to all stresses except cold, the progeny of stressed ku80 plants showed a greater increase in HRF than the progeny of wild-type plants (Fig. 3C) .
It can be suggested that RAD51B protein deficiency does not allow plants to manifest a higher HRF in the progeny. It is possible that RAD51B is also required for the establishment of transgenerational changes in HRF. It was previously shown that RAD51D was specifically recruited to promoters of defense genes upon the establishment of systemic acquired resistance in response to pathogen infection (Wang et al. 2010 ). This activity is dependent on salicylic acid signaling and BRCA2 activity. It remains to be shown whether RAD51D and/or RAD51B exhibit a similar activity in response to abiotic stresses. In this case, it is possible that the RAD51D protein is required for binding to promoters of genes involved in stress response and DNA repair, thus promoting (or preventing) modifications in methylation and chromatin structure triggered by small interfering RNAs. Similarly, since ATM is activating the HR pathway through RAD51, its involvement in transgenerational changes in HRF is valid. In contrast, despite the fact that ku80 plants did not exhibit an increase in somatic HRF, they showed transgenerational changes in HRF, suggesting that this mechanism is independent of KU80 function.
Conclusion
Our work has demonstrated genomic instability of atm, ku80 and rad51b mutants and showed that these plants have high levels of strand breaks and an altered frequency of point mutations and recombination. Importantly, we have found that the intactness of the HR repair pathway and possibly ATMdependent signaling is required for transgenerational changes in recombination frequency.
Materials and Methods

Plant lines and growth conditions
Two different transgenic A. thaliana plant lines were used in the experiments. Transgenic line #166-14 carries a GUS-based substrate for the analysis of T/A!G/C reversions in its genome (Kovalchuk et al. 2000) . Transgenic line #15d8 carries a luciferase-based substrate for the analysis of the HRF in its genome (Boyko et al. 2006) . For the analysis of the PMF in mutants, we crossed atm (Col-0) and ku80 mutant (Ws) plants with plants from line #166-14 (C24 cultivar). For the analysis of recombination events in atm (Col-0), ku80 (Ws) and rad51b (Col-0) mutants, we crossed these plants with line #15d8 (Col-0 background). Plants homozygous for the recombination/mutation substrate and mutations in one of the aforementioned genes [as determined by gene-specific (or transgene-specific) PCRs] were used for further experiments.
All plants were grown on soil at 22 C during a 12 h day period and at 18 C during a 12 h night period under 100 mM m -2 s -1 illumination. For the analysis of SSB and DSB levels, leaves were collected for either DNA or protoplast isolation at 21 days post-germination (dpg).
Exposure to flood stress was done by watering plants every day, making sure that the pots were standing in water all the time. Drought conditions were created by stopping watering between 7 and 30 dpg. Watering was resumed at day 30 in order to obtain progeny seeds. To analyze the influence of heat stress, plants were germinated on soil and exposed to 42 C for 2 h d -1
for 1 week starting at 7 dpg. The effects of cold stress were analyzed after plants were exposed to 4 C for 12 h overnight for 1 week starting at 7 dpg.
For NaCl exposure, plants were germinated and grown on sterile medium supplemented with 0, 25 or 75 mM NaCl. For UVC exposure, a germicidal lamp was used, and plants grown on normal Murashige and Skoog (MS) medium were exposed to 0.6 J m -2 UVC at 14 dpg. Plants exposed to NaCl were grown till 21 dpg. In all cases, plants were harvested for histochemical staining at 21 dpg.
For X-ray exposure, plants were grown on soil under normal conditions and at the age of 14 d were irradiated with 5 Gy of Xrays (90 kV, 5 mA, $43 mGy s -1 ). HRF was measured 7 d postexposure.
For bleomycin exposure, plants were germinated and grown on MS medium supplemented with 100 ng ml -1 bleomycin or control MS medium. HRF was measured at 21 dpg.
All experiments were repeated three times. No visible differences in plant morphology were observed between wild-type plants and mutants in response to any of the aforementioned stresses.
For the analysis of transgenerational effects, 10 plants from each line for each treatment were allowed to set seeds. For the analysis of spontaneous non-induced changes in genome stability in the progeny, the seeds of stressed and non-stressed plants were germinated on soil and grown at 22 C during a 12 h day period (under illumination of 100 mM m -2 s -1
) and at 18 C during a 12 h night period for 3 weeks with a normal watering regime; HRF was measured at 21 dpg.
The analysis of SSB and DSB levels by the ROPS assay Total genomic DNA was prepared from 21-day-old plants as described before (Yao et al. 2011) . The quantification of 3 0 OH DNA ends produced by SSBs or DSBs was performed using the ROPS assay as described before (Yao et al. 2011 ). This assay is based on the ability of the Klenow fragment polymerase (New England Biolabs) to initiate random oligonucleotide-primed synthesis from the re-annealed 3 0 OH ends of single-stranded DNA (ssDNA). After a denaturation-reassociation step, ssDNA serves as its own primer by randomly re-associating with itself or other ssDNA molecules. The incorporation of [ 3 H]dCPT into the newly synthesized DNA is proportional to the initial number of 3 0 OH ends (breaks). The experiment was performed twice, with two independent measurements for each experiment.
Protoplast isolation for the Comet assay
Protoplast isolation was done using the Tape-Arabidopsis Sandwich method as described previously (Wu et al. 2009 ). Healthy leaves (2-3 cm in length) were collected from the 3-week-old wild-type and mutant plants (exposed and nonexposed). In order to expose mesophyll cells to the enzyme solution, the lower epidermal surface was peeled away using a Magic tape (3 MN). The peeled leaves (4-6 leaves) adhering to the Time tape (Time Med) were transferred to a Petri dish containing 10 ml of enzyme solution. The enzyme solution [20 mM MES (pH 5.7), 0.4 M mannitol, 20 mM KCl, 1.5% (w/v) cellulase R10, 0.4% (w/v) macerozyme R10 (both from Yakult Pharmaceutical Ind. Co., Ltd.)] was warmed at 55 C for 10 min to inactivate DNase and proteases and enhance enzyme solubility (Yoo et al. 2007 ). After cooling down to room temperature, CaCl 2 and bovine serum albumin (BSA) were added to a final concentration of 10 mM and 0.1%, respectively. The leaves were gently shaken (40 r.p.m.) in the dark for 60 min until protoplasts were released into the solution. Then protoplasts were collected by centrifugation at 100Âg for 3 min at 4 C, washed twice with 25 ml of the pre-chilled W5 solution (154 mM NaCl, 125 mM CaCl 2 , 5 mM KCl, 5 mM glucose and 2 mM MES, pH 5.7) and resuspended to a final concentration of 2-5 Â 10 5 cells ml -1
. The resulting protoplast suspension was kept on ice until further experimentation.
The Comet assay DSB levels were measured following the neutral Comet assay protocol described earlier (Kozak et al. 2009) . A 50 ml aliquot of protoplast suspension was mixed with 200 ml of a melted 0.7% low melting point (LMP) agarose (15517-022, Invitrogen) at 40 C, and the resulting mixture was immediately pipetted onto LMP agarose-coated fully frosted microscope slides (12-544-5CY, Fisher Scientific). The slides were then covered with 22 Â 50 mm cover slips and chilled on ice for 1 min to solidify the agarose. After removal of cover slips, the slides were immersed in lysis solution (2.5 M NaCl, 10 mM Tris-HCl, 0.1 M EDTA, 1% N-lauroyl sarcosinate, pH 7.6) and incubated on ice for 1 h. After that, slides were equilibrated twice for 5 min in TBE electrophoresis buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8). The slides were then subjected to electrophoresis at 1 V cm -1 for 5 min. Electrophoresis was followed by dehydration for 5 min in 70% ethanol, 5 min in 96% ethanol, and air drying. The slides were stained with SYBR Gold Nucleic Acid Gel Stain (Invitrogen) for 20 min and then viewed in epifluorescence with a Zeiss Observer Z1 microscope using a Stingray CCD camera (Allied Vision Technologies). Comets were evaluated using the Comet Assay IV software (Perceptive Instruments Ltd.) by a single-click automatic scoring method. Olive tail moment values were used to measure DNA damage. The experiment included two independent biological replicas, each consisting of two technical repeats. In total, at least 100 comets were analyzed per experimental group.
GUS histochemical staining for the analysis of point mutation frequency
The frequency of point mutations was analyzed by GUS histochemical staining of plants as described before (Ilnytskyy et al. 2004) , counting the number of events that appeared as blue spots on each plant, and relating these numbers to the total number of plants used. Since the frequency of occurrence of these events is low, we used the population of 300-400 plants per each experimental group. The average PMF was calculated from three independent experiments.
The analysis of HRF using a CCD camera HRF in line #15d8 (designated as wild-type plants) and mutant Arabidopsis plants carrying the luciferase reporter construct were analyzed by scoring bright sectors on a dark background using a luciferase CCD camera after spraying plants with a luciferin solution (Boyko et al. 2006) . In each individual experiment, the HRF was calculated by averaging the number of recombination events for each individual plant for the entire population of tested plants. Next, the average HRF was calculated from 3-5 independent experiments, with each experimental unit consisting of three pots, each pot with 20-25 plants.
Statistical analysis
The experiments were repeated three times, and mean values with the SD were calculated. The statistical significance of the results was confirmed by performing Student's t-test. The statistical analyses were performed using Microcal Origin 6.0.
Supplementary data
Supplementary data are available at PCP online.
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